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Method  for  performing  boolean  operations  on  geometric  objects  in  a  computer-aided  design 
system. 

©  In  a  method  for  performing  Boolean  operations 
(e.g.  UNITE)  on  geometric  objects  (12,13)  to  gen- 
erate  a  modified  geometric  object  (14)  in  a  com- 
puter-aided  design  system,  a  face  of  a  first  object 
(12)  and  a  face  of  a  second  object  (13)  are  inter- 
sected  to  generate  graph  edges  (15,16)  which  form 
edges  of  the  modified  geometric  object  (14).  Edges 
of  the  first  object  are  intersected  with  surfaces  of  the 
second  object  to  produce  intersection  points,  and 
surfaces  containing  the  faces  of  the  two  objects, 
respectively,  are  intersected  with  each  other  to  pro- 

duce  intersection  tracks.  If  there  is  an  inconsistency 
between  the  intersection  points  and  corresponding 
intersection  tracks,  i.e.,  if  intersection  points  which 
should  ideally  lie  on  an  intersection  track  are  more 
than  a  resolution  value  (epsilon)  apart,  a  perturbation 
step  is  applied  to  correct  the  spatial  positions  of 
inconsistent  intersection  points.  The  perturbation 
step  comprises  moving  the  inconsistent  points  along 
edges  to  a  position  where  geometric  consistency  is 
established. 
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The  invention  relates  to  a  method  for  perform- 
ing  Boolean  operations  on  geometric  objects  in  a 
computer-aided  design  (CAD)  system.  In  the  de- 
sign  of  physical  objects,  for  example  machine 
parts,  it  is  often  necessary  to  perform  Boolean 
operations  with  two  or  several  objects  such  as 
uniting  the  objects,  subtracting  one  object  from  the 
other  or  intersecting  the  objects.  The  present  in- 
vention  deals  with  the  performance  of  Boolean  op- 
erations  in  a  3D  CAD  system  which  is  capable  of 
storing  a  graphical  representation  of  the  physical 
objects  and  displaying  them  three-dimensionally 
(3D)  in  an  isometric  view. 

BACKGROUND  OF  THE  INVENTION 

CAD  systems  are  widely  used  in  the  design  of 
mechanical  or  electronic  parts  or  other  objects  and 
there  are  several  commercially  available  systems 
of  that  type.  A  common  characteristic  of  these 
systems  is  that  the  objects  are  designed  by  the 
user  in  an  interactive  mode.  That  means  that  the 
object  is  displayed  on  a  screen  as  far  as  it  has 
been  designed  by  the  user  and  the  user  can  enter 
commands  to  apply  modifications  and/or  additions 
to  the  already  existing  structure. 

For  displaying  the  geometric  object  under  de- 
sign,  typically  a  cathode  ray  tube  (CRT)  or  a  liquid 
crystal  display  (LCD)  is  used.  The  object  is  dis- 
played  in  an  isometric  view,  whereby  it  can  addi- 
tionally  be  illuminated  by  computer  generated  light 
sources  to  yield  realistic  three-dimensional  images. 
The  commands  for  supplementing  or  modifying  the 
object  are  entered  by  a  computer  mouse,  a  graph- 
ics  tablet,  or  a  light  pen.  When  the  editing  process 
is  finished  and  the  object  to  be  designed  has 
assumed  its  final  shape,  a  hardcopy  can  be  pro- 
duced  by  a  printer  or  plotter. 

An  example  for  a  commercially  available  3D 
CAD  system  is  the  Hewlett-Packard  Precision  En- 
gineering  Solid  Designer  Version  2.0.  A  description 
of  a  3D  CAD  system  is  also  known  from  I.C.  Braid  : 
"Notes  on  a  geometric  modeller",  C.A.D.  Group 
Document  No.  101,  University  of  Cambridge,  June 
1979.  Another  description  of  a  3D  CAD  system  is 
known  from  the  article  by  I.C.  Braid  et  al.:  "Step- 
wise  Construction  of  Polyhedra  in  Geometric  Mod- 
elling",  in  K.W.  Brodlie  (Ed.)  :  "Mathematical  Meth- 
ods  in  Computer  Graphics  and  Design",  Academic 
Press,  1980. 

In  the  meantime,  several  CAD  systems  have 
been  developed,  for  example  the  above  mentioned 
system  by  Hewlett-Packard,  which  have  the  capa- 
bility  to  perform  Boolean  operations  like  UNITE, 
SUBTRACT,  or  INTERSECT  on  geometric  objects. 
In  order  to  be  able  to  create  a  wide  range  of 
complex  objects,  solid  modellers  must  robustly 
support  Boolean  operations.  Existing  CAD  systems, 

however,  are  not  satisfactory  in  all  respects  since 
they  are  not  able  to  perform  Boolean  operations 
with  all  desirable  geometric  configurations.  In  par- 
ticular  tangential  or  almost  tangential  geometries 

5  where  a  shallow  intersection  of  surfaces  has  to  be 
performed  for  executing  the  Boolean  operation  in- 
troduce  numerical  inconsistencies  large  enough  to 
make  the  operation  fail.  Due  to  such  errors  in  the 
calculation  of  intersections,  the  CAD  system  either 

io  produces  an  error  message  that  it  cannot  execute 
the  operation  or  the  geometric  object  resulting  from 
the  operation  does  not  have  the  shape  which  it 
should  have  in  the  ideal  situation.  The  mentioned 
problems  also  occur  with  partially  coincident  geom- 

75  etries  where  edges  of  a  face  of  the  geometric 
object  and  intersection  lines  between  a  surface 
containing  this  face  and  another  surface  containing 
a  face  of  the  other  geometric  object  are  nearly 
coincident. 

20  As  already  mentioned,  the  computation  of  the 
boundary  of  a  solid  which  is  defined  as  the  result 
of  a  Boolean  operation  requires  algorithms  for  sur- 
face/surface  intersections,  for  curve/surface  inter- 
sections,  and  for  curve/curve  intersections.  To  yield 

25  a  sound  boundary,  these  intersections  must  be 
consistent  to  a  degree  determined  by  the  resolu- 
tion  of  the  model.  The  resolution  specifies  the 
allowable  error  (epsilon)  that  can  be  tolerated  be- 
fore  the  model  "falls  apart".  For  example,  a  curve 

30  is  still  considered  to  lie  in  a  specific  surface  if  it  is 
not  more  than  epsilon  away  from  the  surface,  and 
three  edges  which  miss  each  other  by  less  than 
epsilon  are  still  considered  to  intersect  at  a  com- 
mon  vertex.  An  important  step  in  the  calculation  of 

35  the  boundary  of  a  solid  (e.g.,  the  result  of  a  Bool- 
ean  operation)  is  the  construction  of  the  intersec- 
tion  graph  which  describes  a  segment  of  a  sur- 
face/surface  intersection  track  that  is  inside  both 
intersecting  faces.  In  connection  with  the  construc- 

40  tion  of  the  intersection  graph,  it  may  occur  that 
intersection  points  which  should  ideally  be  coinci- 
dent  with  the  intersection  track  are  more  than  ep- 
silon  apart  so  that  no  consistent  geometric  object 
can  be  constructed,  i.e.,  the  model  falls  apart. 

45  There  are  two  methods  usually  employed  to 
cope  with  the  mentioned  problems: 

1.  Numerical  methods  to  increase  the  accuracy 
of  curve/surface  intersections.  This  approach  is 
only  applicable  for  very  special  combinations  of 

50  curves  and  surfaces.  The  corresponding  algo- 
rithms  are  comparatively  slow  and  still  do  not 
return  reliable  results  in  numerically  ill  defined 
situations. 
2.  Methods  using  curve/curve  intersections  in- 

55  stead  of  curve/surface  intersections.  The  dis- 
advantage  of  such  methods  is  that  curve/curve 
intersections  are  numerically  less  stable  than 
curve/surface  intersections,  because  three-di- 
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mensional  curves  hardly  ever  meet  at  a  com- 
mon  point  due  to  the  limited  numerical  resolu- 
tion. 

SUMMARY  OF  THE  INVENTION 

called  "boundary  representations  (B-rep)".  An  addi- 
tional  advantage  of  the  invention  is  that  it  facilitates 
the  use  or  exchange  of  standard  geometric  libraries 
containing,  for  example,  intersection  routines,  be- 

5  cause  of  the  stabilisation  of  the  results. 

It  is  thus  an  object  of  the  present  invention  to 
provide  a  method  for  performing  Boolean  oper- 
ations  on  geometric  objects  and  a  corresponding 
CAD  system  which  has  an  increased  reliability  and 
robustness. 

It  is  a  further  object  of  the  invention  to  permit 
performance  of  Boolean  operations  with  high  speed 
and  high  numerical  stability. 

According  to  the  invention,  these  objects  are 
achieved  by  a  method  as  defined  in  claim  1  and  by 
a  CAD  system  as  defined  in  claim  7.  The  invention 
thus  provides  a  method  for  performing  Boolean 
operations  on  geometric  objects  in  a  computer- 
aided  design  system  for  generating  a  modified 
geometric  object,  wherein  a  face  of  a  first  geomet- 
ric  object  and  a  face  of  a  second  geometric  object 
are  intersected  to  generate  a  graph  edge  forming 
an  edge  of  the  modified  geometric  object,  which 
comprises  the  steps  of  : 

a)  intersecting  an  edge  of  the  first  geometric 
object  with  a  surface  containing  a  face  of  the 
second  geometric  object  for  producing  intersec- 
tion  points, 
b)  intersecting  a  surface  containing  a  face  of  the 
first  geometric  object  with  a  surface  containing  a 
face  of  the  second  geometric  object  for  produc- 
ing  intersection  tracks, 
c)  determining  if  the  distances  between  the  in- 
tersection  points  and  the  intersection  tracks  are 
smaller  than  a  resolution  value  (epsilon),  respec- 
tively, 
d)  correcting  the  spatial  positions  of  the  inter- 
section  points,  if  the  distances  determined  in 
step  c)  are  larger  than  the  resolution  value  (ep- 
silon),  respectively. 
According  to  an  underlying  principle  of  the 

invention,  a  perturbation  method  is  applied  to 
curve/surface  intersection  points  to  remove  any 
geometric  inconsistencies.  Basically,  the  incon- 
sistencies  are  resolved  by  relocating  inconsistent 
intersections  points  to  a  desired  surface/surface 
intersection,  or  at  least  to  a  position  which  is  not 
farther  away  from  the  surface/surface  intersection 
than  the  resolution  value  (epsilon).  The  target  point 
of  the  relocation  can  be  determined  by  a 
curve/curve  intersection  method.  The  relocation 
(perturbation)  of  the  intersection  points  introduces 
an  additional  error,  but  it  has  the  effect  that  the 
overall  error  is  minimized  and  that  consistency  of 
geometric  object  is  established. 

The  invention  can  be  used  with  any  type  of 
solid  modelling  methods,  for  example  the  method 
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BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

In  the  following,  embodiments  of  the  invention 
will  be  explained  in  detail  with  reference  to  the 
drawings. 

Figure  1  schematically  shows  the  com- 
ponents  of  a  3D  CAD  system 
incorporating  the  present  in- 
vention. 

Figure  2  illustrates  a  Boolean  operation 
in  a  CAD  system. 

Figure  3  shows  an  example  for  illustrat- 
ing  the  resolution  in  a  CAD 
system. 

Figure  4  shows  another  example  for  il- 
lustrating  the  resolution. 

Figure  5  illustrates  the  intersection  of 
faces  for  performing  a  Bool- 
ean  operation. 

Figure  6  illustrates  the  mutual  contain- 
ment  of  different  intersections 
in  an  ideal  situation. 

Figure  7  shows  a  first  example  for  in- 
tersections  in  a  real  situation 
and  a  way  to  correct  resulting 
errors  according  to  the  inven- 
tion. 

Figure  8  shows  a  second  example  for 
intersections  in  a  real  situation 
including  error  correction  ac- 
cording  to  the  invention. 

Figure  9  shows  a  third  example  for  in- 
tersections  in  a  real  situation 
including  error  correction  ac- 
cording  to  the  invention. 

Figure  10  shows  a  third  example  for  in- 
tersections  in  a  real  situation 
including  error  correction  ac- 
cording  to  the  invention. 

Figures  11  a-b  show  a  flow  chart  describing 
an  embodiment  of  the  inven- 
tion. 

50  DETAILED  DESCRIPTION  OF  THE  INVENTION 

Figure  1  is  a  schematic  diagram  showing  the 
typical  components  of  a  3D  CAD  system.  A  main 
processor  1  is  connected  via  a  graphic  processor  2 

55  to  a  display  screen  3  ,for  example  a  CRT.  The 
geometric  object  11  under  design  is  displayed  on 
the  screen  3.  The  main  processor  1  performs  the 
calculations  for  creating  and  modifying  the  geomet- 

3 
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ric  object  displayed  on  the  screen  3.  A  printer  4  is 
connected  via  a  concentrator  7  to  the  main  proces- 
sor  1  .  The  printer  4  can  produce  a  hardcopy  of  the 
image  displayed  on  the  screen  3  or  a  hardcopy  of 
geometric  objects  stored  in  the  data  memory  5  of 
the  CAD  system.  The  data  memory  5  is  connected 
to  the  main  processor  1  and  comprises  a  mass 
storage  device  such  as  a  magnetic  or  an  optical 
disk.  A  program  memory  6  contains  the  instruc- 
tions  which  are  used  in  the  creation  and  manipula- 
tion  of  the  geometric  object  under  design. 

There  are  several  input  means  which  are  avail- 
able  to  the  user  for  interaction  with  the  CAD  sys- 
tem.  In  the  embodiment  shown,  there  is  a  com- 
puter  mouse  9  which  controls  a  cursor  displayed 
on  the  screen  3.  Also  displayed  on  the  screen  3  is 
a  command  menu  from  which  the  user  may  select 
desired  commands  by  positioning  the  cursor  at  the 
displayed  option  by  appropriate  movement  of  the 
mouse  9  and  by  pressing  an  activation  key.  An 
example  of  a  displayed  menu  option  is  the  addition 
or  removal  of  certain  parts  from  the  object  dis- 
played  on  the  screen,  such  as  the  application  of  a 
bore  through  the  object.  Another  example  of  an 
option  which  can  be  selected  is,  in  accordance  with 
the  present  invention,  the  performance  of  a  Bool- 
ean  operation  with  displayed  objects.  In  addition  to 
the  mouse  9,  a  keyboard  8  is  provided  for  entering 
commands  or  data  into  the  processor  1  .  A  further 
input  means  is  a  knob  box  10  which  comprises  a 
plurality  of  knobs  by  means  of  which  the  object 
displayed  on  the  screen  3  can  be  rotated  around 
various  axes  and  linearly  shifted  in  specific  direc- 
tions.  It  is  understood  that  instead  of  or  in  addition 
to  the  just  described  input  means  alternative  input 
means  can  be  provided,  such  as  a  graphics  tablet 
or  a  light  pen.  What  is  only  important  is  that  the 
input  means  give  the  user  the  possibility  to  ma- 
nipulate  the  objects  displayed  on  the  screen  3  in  a 
desired  way,  and  especially  to  perform  Boolean 
operations  on  these  objects. 

Figure  2  illustrates  the  Boolean  operation 
UNITE  with  the  example  of  a  cube  12  and  a  cone 
13.  The  left  part  of  Figure  2  shows  two  different 
perspective  views  of  the  cube  12  and  the  cone  13 
before  the  performance  of  the  UNITE  operation;  the 
right  part  shows  the  result  of  the  UNITE  operation, 
also  in  two  different  perspective  views.  In  the  unit- 
ed  object  14  shown  in  the  right  part  of  Figure  2,  the 
common  edges  15  and  16  between  the  original 
cube  and  the  original  cone  ,  i.e.,  the  intersection 
edges,  are  shown. 

Figures  3  and  4  illustrates  the  term  "resolution" 
which  plays  an  important  role  in  the  subsequent 
description.  The  resolution  (epsilon)  is  the  maxi- 
mum  allowable  error  that  is  still  tolerated  by  the 
CAD  system  before  geometric  elements  (e.g., 
points,  lines,  faces)  are  considered  as  separate 

elements  by  the  system.  Figure  3  illustrates  the 
containment  of  a  curve  18  on  a  surface  17.  The 
curve  18  is  shown  to  be  a  distance  (epsilon)  off  the 
surface  18.  Since  the  distance  between  the  curve 

5  and  the  surface  is  not  larger  than  the  resolution 
(epsilon),  the  CAD  system  considers  the  curve  18 
to  lie  in  the  surface  17. 

Figure  4  shows  three  edges  19,  20,  21  which 
are  meant  to  intersect  at  a  common  vertex  22.  The 

io  ideal  situation  where  the  three  edges  actually  meet 
at  a  common  point  22  is  shown  in  the  left  part.  In 
real  CAD  systems,  however,  numerical  errors  and 
instability  may  have  the  consequence  that  the 
edges  19'  ,  20',  and  21'  miss  each  other  as  shown 

is  in  the  right  part  of  Figure  4.  If  the  error  is  within  the 
resolution  (epsilon)  as  illustrated  by  the  sphere  23 
having  a  radius  (epsilon),  the  vertex  is  still  consid- 
ered  as  being  consistent.  If  the  error  becomes 
larger  than  the  resolution,  the  model  "falls  apart" 

20  and  the  system  does  not  associate  a  common 
vertex  with  the  three  edges.  The  resolution  usually 
depends  on  the  type  of  models  built  with  the  CAD 
system  and  is  typically  adjustable  by  the  user. 

The  present  invention  addresses  such  incon- 
25  sistencies  where,  for  example,  edges  do  not  ex- 

actly  meet  at  the  common  vertices.  These  situ- 
ations  commonly  appear  during  the  calculation  of 
an  intersection  graph  in  the  performance  of  a  Bool- 
ean  operation.  For  performing  a  Boolean  operation, 

30  faces  of  the  geometric  objects  on  which  the  Bool- 
ean  operation  is  to  be  performed  have  to  be  inter- 
sected.  The  faces  to  be  intersected  are  contained 
in  surfaces.  An  intersection  graph  is  a  segment  of 
the  intersection  track  between  such  two  surfaces 

35  (surface/surface  intersection  track)  which  lies  inside 
the  two  faces  which  are  intersected.  The  intersec- 
tion  graph  construction  is  an  essential  step  in  the 
calculation  of  the  boundary  of  the  solid  correspond- 
ing  to  the  result  of  the  Boolean  operation  .  The 

40  reliability  of  the  intersection  graph  construction  di- 
rectly  impacts  the  success  or  failure  of  the  Boolean 
operation. 

Figure  5  shows  two  intersecting  surfaces  sf1 
and  sf2.  Each  surface  carries  a  face,  i.e.,  a  limited 

45  region  within  the  surfaces,  respectively.  The  sur- 
face  sf1  contains  the  face  fa1  and  the  surface  sf2 
contains  the  face  fa2.  Only  a  part  of  the  whole 
surface/surface  intersection  track  24  lies  inside 
both  faces  fa1  and  fa2.  This  part  is  the  intersection 

50  graph  g.  The  intersection  will  subsequently  also  be 
denoted  with  the  symbol  n.  Thus,  the  intersection 
track  24  corresponds  to  sf1  n  sf2. 

Usually,  the  points  needed  to  trim  the  intersec- 
tion  graph  g  off  the  whole  surface/surface  intersec- 

55  tion  track  24  are  obtained  by  intersecting  the 
boundary  curves  of  the  face  fa1  with  the  surface 
sf2  and  by  intersecting  the  boundary  curves  of  the 
face  fa2  with  the  surface  sf1  .  In  the  example  shown 

4 
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in  Figure  5,  the  boundary  curve  a  of  the  face  fa2 
intersected  with  the  surface  sf1  yields  a  point  25 
and  the  boundary  curve  b  of  the  face  fa1  inter- 
sected  with  the  surface  sf2  yields  a  point  26.  The 
points  25  and  26  represent  the  trimming  points 
required  to  define  the  intersection  graph  g  which  is 
inside  both  faces  fa1  and  fa2.  The  exactness  with 
which  these  trimming  points  can  be  obtained  deter- 
mine  the  success  of  the  Boolean  operation.  As  will 
be  explained  below,  the  present  invention  provides 
for  a  method  to  correct  inaccurate  trimming  points 
to  ensure  that  a  consistent  representation  of  the 
boundary  of  a  solid  can  be  constructed. 

Before  describing  the  method  of  the  invention 
in  detail,  another  mathematically  exact  situation  will 
be  discussed  with  reference  to  Figure  6.  Ideally, 
the  intersection  of  a  curve  on  a  specific  surfaces 
with  another  surface  is  contained  in  the  set  of 
points  obtained  from  intersecting  the  two  surfaces. 
Figure  6  illustrates  this  situation.  When  the  curve 
cv1  which  lies  on  the  surface  sf1  is  intersected  with 
the  surface  sf2,  an  intersection  point  27  results 
which  lies  on  the  intersection  track  29  of  the  two 
surfaces  sf1  and  sf2.  When  the  curve  cv2  which 
lies  on  the  surface  sf2  is  intersected  with  the  sur- 
face  sf1,  an  intersection  point  28  results  which  is 
also  on  the  intersection  track  29. 

In  real  situations  occurring  in  a  CAD  system, 
however,  the  curves  do  not  exactly  lie  on  surfaces 
due,  for  example,  to  numerical  errors.  A  typical 
situation  is  shown  in  Figure  3.  These  deviations 
from  the  mathematically  exact  situation  can  lead  to 
certain  inconsistencies  of  the  geometric  object.  The 
perturbation  method  of  the  present  invention  ba- 
sically  corrects  the  various  resulting  inconsisten- 
cies  by  "moving"  intersection  points  along  curves 
until  they  lie  on  the  desired  surface/surface  inter- 
section.  The  target  point  of  this  movement  can  be 
found  by  a  curve/curve  intersection  algorithm  which 
calculates  the  intersection  between  the  sur- 
face/surface  intersection  track  and  the  curve  whose 
intersection  point  is  off  the  intersection  track. 
Curve/curve  intersection  algorithms  as  such  are 
known,  for  example  the  closest  point  calculation, 
and  is  thus  not  further  described. 

In  the  following,  the  various  types  of  incon- 
sistencies  which  may  arise  in  real  situations  when 
performing  a  Boolean  operation  and  which  are  cor- 
rected  by  the  perturbation  method  of  the  present 
invention  will  be  described  with  reference  to  Fig- 
ures  7  to  10.  Each  of  the  Figures  7  to  10  only 
deals  with  the  intersections  of  two  surfaces  and  a 
curve  lying  in  one  of  the  surfaces.  It  is  understood 
that  the  intersection  operations  and  the  subsequent 
corrections  by  perturbation  shown  in  Figures  7  to 
10,  respectively,  will  have  to  be  applied  several 
times  with  different  curves  and  surfaces  in  order  to 
fully  execute  the  desired  Boolean  operation  (com- 

pare  Figure  5).  Figures  7  to  10  show  the  basic 
elements  of  the  method  which  ,  in  order  to  com- 
plete  the  Boolean  operation,  will  have  to  be  re- 
peated  the  appropriate  number  of  times  until  the 

5  entire  geometric  object  has  been  constructed. 
While  Figures  7  to  10  illustrate  the  basic  principles 
of  the  method  of  the  invention  using  various  exam- 
ples  of  geometric  inconsistencies  arising  in  real 
CAD  situations,  a  complete  description  of  the  meth- 

io  od  will  be  made  in  connection  with  the  flow  chart  in 
Figures  11a  and  11b. 

The  inconsistencies  mentioned  in  the  previous 
chapters  can  be  divided  into  two  classes: 

1.  Inconsistencies  that  arise  in  the  context  of 
is  intersections  between  tangential  or  almost  tan- 

gential  surfaces.  In  such  a  situation,  a  small 
error  in  the  orthogonal  direction  of  a  surface 
results  in  a  larger  error  in  the  direction  of  the 
surface.  Corresponding  examples  are  shown  in 

20  Figures  7  to  9. 
2.  Inconsistencies  arising  in  the  context  of 
curves  which  are  almost  coincident  with  a  sur- 
face/surface  intersection  track.  A  corresponding 
example  is  shown  in  Figure  10. 

25  The  first  class  can  be  subdivided  in  three 
cases: 

a)  One  curve/surface  intersection  point  with  one 
intersection  track  (Figure  7). 
b)  Two  curve/surface  intersection  points  with 

30  one  intersection  track  (Figure  8). 
c)  One  curve/surface  intersection  point  with  two 
intersection  tracks  (Figure  9). 
Case  a)  will  now  be  explained  with  reference  to 

Figure  7.  For  the  sake  of  clarity,  the  faces  of  the 
35  geometric  objects  with  which  a  Boolean  operation 

is  to  be  performed  have  been  omitted  and  only  the 
surfaces  sf1  and  sf2  wherein  such  faces  lie  are 
shown.  The  surfaces  sf1  and  sf2  are  almost  tan- 
gential;  they  intersect  each  other  under  a  small 

40  angle  /3.  The  intersection  track  is  denoted  with 
reference  numeral  30.  Due  to  numerical  errors  in 
the  CAD  system,  the  curve  31  does  not  lie  exactly 
in  the  surface  sf1  wherein  it  is  supposed  to  be  in 
the  ideal  (mathematically  exact)  situation  illustrated 

45  by  the  curve  32  (dotted  lines).  However,  since  the 
curve  31  is  not  further  away  from  the  surface  sf1 
than  the  resolution  epsilon,  it  is  considered  to  lie  in 
that  surface.  As  the  curve  31  is  off  the  surface  sf1  , 
its  intersection  33  with  the  surface  sf2  differs  from 

50  the  ideal  intersection  point  34  which  would  result 
from  the  intersection  of  the  ideal  curve  32  with  the 
surface  sf2  and  which  would  lie  on  the  intersection 
track  30.  If  the  angle  between  the  two  surfaces 
becomes  small,  i.e.,  in  case  of  almost  tangential 

55  intersection  between  the  surfaces,  the  distance  d 
between  the  ideal  intersection  point  34  and  the  real 
intersection  point  33  becomes  large  as  compared 
to  the  resolution  epsilon.  The  following  relationship 

5 
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applies: 

d  =  epsilon/  (sin  /3). 

When  the  distance  d  is  larger  than  the  resolution 
epsilon,  the  intersection  point  33  cannot  be  as- 
signed  to  the  intersection  track  any  more.  The 
method  of  the  invention  removes  this  inconsistency 
by  moving  the  intersection  point  33  in  the  direction 
of  the  arrow  36  towards  the  closest  point  35  be- 
tween  the  intersection  track  30  and  the  curve  31. 
Since  the  distance  between  the  new  point  35  and 
the  intersection  track  30  does  not  exceed  the  reso- 
lution  epsilon,  the  point  35  can  now  be  assigned  to 
the  intersection  track  so  that  consistency  is  estab- 
lished.  The  perturbed  point  35  forms  an  end  point 
of  an  intersection  graph  which  has  to  be  deter- 
mined  for  performing  the  Boolean  operation  as 
explained  in  connection  with  Figure  5.  Even  though 
an  additional  error  is  introduced  by  moving  the 
original  intersection  point  33  to  the  perturbed  posi- 
tion  35,  the  overall  result  is  still  better  than  before 
the  perturbation,  since  the  new  point  35  can  now 
be  assigned  to  the  intersection  track  30. 

Figure  8  illustrates  the  above  mentioned  case 
b.).  A  surface  sf1  and  a  cylinder-like  surface  sf2 
intersect  each  other.  The  surface  sf1  penetrates  the 
surface  sf2  by  a  distance  which  is  equal  or  less 
than  the  numerical  resolution  epsilon.  Thus,  the 
intersection  algorithm  returns  only  one  intersection 
track  38,  even  though  there  should  be  two  intersec- 
tion  lines  in  the  mathematically  exact  situation  as 
becomes  apparent  from  Figure  8.  A  curve  37  lying 
on  the  surface  sf1  ,  however,  produces  two  distinct 
intersection  points  39  and  40  with  the  surface  sf2. 
These  points  are  much  more  than  epsilon  off  the 
intersection  track  38  and  are  therefore  not  assigned 
to  the  intersection  track.  The  perturbation  method 
of  the  present  invention  removes  this  inconsistency 
by  moving  the  point  39  in  the  direction  42  and  the 
point  40  in  the  direction  43  until  these  points  are 
contracted  into  a  single  point  41  which  is  not 
farther  than  epsilon  away  from  the  intersection 
track  38.  The  new  point  41  can  thus  be  assigned  to 
the  intersection  track  38,  whereby  the  required 
consistency  is  established. 

Figure  9  illustrates  the  above  mentioned  case 
a).  In  this  case,  the  intersection  between  the  two 
surfaces  sf1  and  sf2  returned  two  distinct  intersec- 
tion  tracks  44  and  45.  The  intersection  between  the 
curve  46  lying  on  the  surface  sf1  and  the  surface 
sf2  returned  only  one  point  47,  due  to  the  limited 
numerical  resolution  (epsilon).  In  order  to  correct 
this  inconsistency,  the  perturbation  method  splits 
the  single  intersection  point  47  into  two  points  and 
moves  these  points  in  the  directions  of  the  arrows 
48  and  49,  respectively,  along  the  curve  46  to  the 
closest  positions  50,  51  relative  to  the  two  intersec- 

tion  tracks  44  and  45,  respectively. 
Figure  10  illustrates  the  above  mentioned  sec- 

ond  class  of  inconsistencies  wherein  curves  are 
almost  coincident  with  a  surface/surface  intersec- 

5  tion  track.  A  face  54  is  shown  which  is  defined  on  a 
vertical  surface  sf1  .  A  second  surface  sf2  intersects 
the  surface  sf1  in  an  intersection  track  53.  As 
shown  in  Figure  10,  the  lower  boundary  "edge2"  of 
the  face  54  is  almost  coincident  with  the  sur- 

io  face/surface  intersection  track  54.  The  lower 
boundary  "edge2"  of  the  face  54  produces  only 
one  intersection  point  i2  when  intersected  with  sf2. 
The  left  bounding  edge  "edgel  "  of  the  face  54 
intersects  sf2  at  the  point  i1  because  the  distance 

is  to  sf2  is  smaller  than  or  equal  to  the  resolution 
epsilon.  Since  the  two  points  i1  and  i2  are  more 
than  epsilon  apart,  the  creation  of  a  vertex  contain- 
ing  both  intersection  points  fails,  and  the  calcula- 
tion  of  the  intersection  graph  would  not  be  possi- 

20  ble. 
The  perturbation  algorithm  detects  the  incon- 

sistency  because  the  surface/surface  intersection 
track  53  seemingly  enters  the  face  54  at  the  subse- 
quent  points  i1  and  i2  which  is  an  impossible 

25  situation.  In  a  consistent  situation,  the  intersection 
track  can  only  leave  a  face  at  an  intersection  point 
(or  a  cluster  of  intersection  points  which  are  not 
further  than  epsilon  apart)  after  it  has  entered  the 
face  at  another  intersection  point  or  a  cluster  of 

30  intersection  points  (see,  e.g.,  Figure  5),  but  it  is  not 
possible  that  the  intersection  track  enters  the  face 
at  two  successive  intersection  points.  In  order  to 
resolve  the  inconsistency  shown  in  Figure  10,  the 
perturbation  algorithm  moves  the  point  i2  along  the 

35  intersection  track  53  to  the  position  of  the  point  i1 
and  merges  it  with  i1.  The  movement  of  i2  is 
indicated  by  the  arrow  55. 

In  the  following,  the  method  of  the  invention 
will  be  explained  with  reference  to  the  flowchart 

40  shown  in  Figures  11a  and  11b.  The  flowchart  de- 
scribes  the  method  for  performing  Boolean  oper- 
ations  that  takes  a  face  from  each  object,  intersects 
them  and  generates  a  graph  edge  from  the  pieces 
of  the  intersection  track(s)  inside  both  faces.  The 

45  entirety  of  all  graph  edges  built  from  the  various 
combinations  of  face/face  intersections  forms  the 
intersection  graph.  The  first  part  of  the  method 
("Intersection")  substantially  corresponds  to  the 
steps  shown  in  Figure  11a,  and  the  second  part 

50  ("Graph  Edge  Construction")  substantially  corre- 
sponds  to  the  steps  according  to  Figure  11b. 

INTERSECTION 

55  In  the  first  step  according  to  block  61  of  the 
flow  chart,  a  face  "face  1  "  is  taken  from  a  first 
geometric  object  or  body  and  another  face  "face 
2"  is  taken  from  a  second  body.  A  typical  example 

6 
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for  two  such  bodies  is  shown  in  Figure  2.  For 
simplicity,  it  will  be  assumed  that  the  two  faces 
have  a  geometric  configuration  similar  to  that 
shown  in  Figure  5. 

In  the  next  step  according  to  block  62,  the 
surface  ("surface  1  ")  wherein  face  1  lies  is  inter- 
sected  with  the  surface  ("surface  2")  wherein  face 
2  lies.  In  block  63  it  is  checked  if  any  intersection 
tracks  between  the  two  surfaces  exist.  If  no  inter- 
section  is  found,  the  algorithm  is  finished.  If  there 
is  an  intersection,  face  1  is  intersected  with  surface 
2  as  shown  in  block  64.  Also  the  edges  of  face  2 
are  intersected  with  surface  1  as  shown  in  block 
65.  The  intersection  points  returned  from  these 
edge/surface  intersections  must  then  be  associated 
(or  "assigned")  with  the  surface/surface  intersec- 
tion  tracks  found  in  a  previous  step.  This  assign- 
ment  is  required  in  order  to  be  able  to  find  the 
trimming  points  that  bound  the  intersection  graph  g 
(see  Figure  5). 

The  assignment  is  performed  in  block  66  using 
Euclidean  distances  of  the  point  with  respect  to  the 
intersection  track.  A  point  is  considered  assigned,  if 
a  track  is  found  whose  distance  from  the  point  is 
smaller  than  or  equal  to  the  resolution  epsilon. 

In  numerically  stable  geometry  configurations 
like  the  one  shown  in  Figure  6,  all  points  will  be 
assigned.  In  such  a  case,  the  algorithm  will  imme- 
diately  proceed  to  block  73  (Figure  11b).  In  cases 
with  tangential  or  almost  tangential  configurations 
like  those  shown  in  Figures  7,  8  and  9,  the  assign- 
ment  will  fail  since  the  intersection  point  is  farther 
than  epsilon  away  from  the  intersection  track.  If  the 
assignment  has  failed,  the  loop  to  process  the 
unassigned  points  will  be  entered.  This  loop  con- 
sists  of  blocks  68  to  72. 

The  first  action  to  resolve  the  inconsistency  is 
to  intersect  the  edge  that  produced  the  inconsis- 
tency  with  all  surface/surface  intersection  tracks 
returned  from  block  62.  Depending  on  the  number 
of  intersection  points  found  (block  69  or  block  71)  , 
the  appropriate  perturbation  method  is  applied.  If 
one  curve/curve  intersection  point  is  found  accord- 
ing  to  block  9,  the  unassigned  point  is  relocated 
(perturbed)  to  that  curve/curve  intersection  point 
according  to  block  10.  After  the  perturbation,  the 
algorithm  goes  back  to  process  the  next  point. 

The  just  described  process  steps  are  illustrated 
in  Figures  7  and  8.  In  Figure  7,  the  point  33  is 
unassigned  because  it  is  more  than  epsilon  away 
from  the  intersection  track  30.  Consequently,  it  is 
relocated  to  the  point  35  which  corresponds  to  the 
intersection  (within  the  resolution  epsilon)  of  the 
intersection  track  30  with  the  curve  31  .  In  Figure  8, 
the  points  39  and  40  are  unassigned.  Consequent- 
ly,  they  are  both  relocated  to  the  point  41  which 
corresponds  to  the  intersection  (within  the  resolu- 
tion  epsilon)  of  the  curve  37  with  the  intersection 

track  38. 
If  more  than  one  curve/curve  intersection  point 

is  found  according  to  block  71,  the  unassigned 
point  is  duplicated  n  times,  where  n  is  the  number 

5  of  curve/curve  intersection  points  found.  Each  du- 
plicated  point  is  then  repositioned  (perturbed)  to 
one  curve/curve  intersection  point.  This  situation  is 
illustrated  in  Figure  9.  The  point  47  is  unassigned 
as  it  is  more  than  epsilon  off  the  two  intersection 

io  tracks  44  and  45.  The  point  47  is  then  split  into  two 
points  which  are  moved  to  the  points  50  and  51, 
respectively,  which  correspond  to  the  intersections 
of  the  curve  46  with  the  intersection  tracks  44  and 
45,  respectively.  Then,  according  to  block  67,  the 

is  next  unassigned  point  is  processed. 

GRAPH  EDGE  CONSTRUCTION 

After  the  perturbation  of  the  unassigned 
20  edge/surface  intersection  points  the  graph  edges 

are  built.  In  order  to  do  that,  each  surface/surface 
intersection  track  and  the  edge/surface  intersection 
points  assigned  to  that  track  are  taken,  and  the 
points  are  ordered  in  increasing  parameter  order 

25  (block  73).  Intersection  points  that  are  indistinguish- 
able  in  the  current  resolution  (epsilon)  are  put  into 
a  common  cluster.  A  cluster  is  a  structure  that 
represents  the  points  belonging  to  it  as  if  they  were 
one  single  point.  Then  the  algorithm  proceeds 

30  along  the  surface/surface  intersection  track  com- 
puting  the  so  called  face  approach  value  whenever 
it  comes  past  a  cluster.  The  face  approach  value  is 
a  symbolic  value  and  indicates  whether  the  inter- 
section  track  enters,  leaves,  or  touches  the  face  at 

35  the  cluster. 
According  to  block  74,  the  first  face  approach 

value  is  initialized  to  UNKNOWN  for  each  intersec- 
tion  track.  Then,  in  block  75,  the  point  cluster  is 
built  from  the  lowest  (in  parameter  order)  assigned 

40  point  which  does  not  belong  to  a  cluster  and  all  its 
successors  that  are  closer  than  the  resolution  ep- 
silon.  Block  76  then  determines  the  face  approach 
value  at  that  point  cluster  with  respect  to  both 
faces.  If  the  same  approach  value  is  detected  twice 

45  for  the  same  face  (block  77),  a  geometric  configu- 
ration  as  in  Figure  10  results.  In  Figure  10,  the  two 
intersections  i1  and  i2  are  not  coincident  due  to  a 
shallow  intersection  of  edge2.  The  geometric  inter- 
pretation  of  equal  approach  values  is  that  the  inter- 

so  section  track  enters  or  leaves  the  face  at  succes- 
sive  points  on  the  track.  This  is  a  contradictory 
situation  because  a  track  entering  a  face  must 
leave  the  face  before  it  can  enter  the  face  again. 
To  resolve  the  contradiction  into  a  meaningful  situ- 

55  ation,  the  point  i2  in  Figure  10  is  relocated  (per- 
turbed)  to  the  point  i1  along  the  intersection  track 
53  so  that  it  will  belong  to  the  same  cluster  as  the 
vertex  vx.  This  cluster  will  then  produce  a  unique 

7 



13 EP  0  681  243  A1 14 

face  approach  value. 
The  check  in  block  79  makes  sure  that  the 

forming  of  point  clusters  and  conflict  resolution  is 
performed  for  all  points  assigned  to  an  intersection 
track.  Then,  according  to  block  80,  graph  edges 
are  constructed  from  the  segments  of  the  intersec- 
tion  track  that  are  inside  both  intersected  faces. 
The  result  are  graph  edges  similar  to  the  edge  g 
shown  in  Figure  5. 

Finally,  it  is  ensured  by  block  81  that  all  sur- 
face/surface  intersection  tracks  are  processed.  If  it 
is  necessary  for  performing  the  Boolean  operation 
that  additional  faces  are  intersected  with  each  oth- 
er,  the  above  described  process  will  be  repeated 
with  these  faces  and  produce  additional  graph 
edges.  From  all  these  graph  edges  and  the  non- 
intersected  pieces  of  the  original  geometric  objects 
with  which  a  Boolean  operation  is  to  be  performed, 
the  result  of  the  operation  can  be  constructed  and 
displayed  on  the  display  means  of  the  CAD  sys- 
tem. 

The  examples  given  above  have  been  kept 
simple  for  the  purpose  of  easier  explanation.  It  is 
understood,  however,  that  the  surface  and  curve 
geometries  are  not  restricted  in  any  respect.  The 
perturbation  method  of  the  invention  can  be  ap- 
plied  to  all  geometries  which  a  CAD  system  sup- 
ports. 

Claims 

1.  A  method  for  performing  Boolean  operations 
on  geometric  objects  (12,13)  in  a  computer- 
aided  design  system  for  generating  a  modified 
geometric  object  (14),  wherein  a  face  (fa1)  of  a 
first  geometric  object  and  a  face  (fa2)  of  a 
second  geometric  object  are  intersected  to 
generate  a  graph  edge  (g)  forming  an  edge  of 
the  modified  geometric  object, 
comprising  the  steps  of: 

a)  intersecting  an  edge  (31)  of  the  first 
geometric  object  with  a  surface  (sf2)  con- 
taining  a  face  of  the  second  geometric  ob- 
ject  for  producing  intersection  points  (33), 
b)  intersecting  a  surface  (sf1)  containing  a 
face  of  the  first  geometric  object  with  a 
surface  (sf2)  containing  a  face  of  the  sec- 
ond  geometric  object  for  producing  inter- 
section  tracks  (30), 
c)  determining  if  the  distances  between  the 
intersection  points  (33)  and  the  intersection 
tracks  (30)  are  smaller  than  a  resolution 
value  (epsilon),  respectively, 
d)  correcting  the  spatial  positions  of  the 
intersection  points  (33),  if  the  distances  de- 
termined  in  step  c)  are  larger  than  the  reso- 
lution  value  (epsilon),  respectively. 

2.  A  method  as  in  claim  1  ,  wherein  step  d)  com- 
prises  : 
moving  the  intersection  points  (33)  along  said 
edge  (31)  of  said  first  geometric  object  to 

5  positions  where  the  distances  to  the  intersec- 
tion  tracks  (30)  are  a  minimum,  respectively. 

3.  A  method  as  in  claim  1  ,  wherein  step  d)  com- 
prises: 

io  merging  two  intersection  points  (39,40)  pro- 
duced  by  the  intersection  of  said  edge  (37) 
with  said  surface  (sf2)  containing  a  face  of  said 
second  geometric  object  into  a  single  cor- 
rected  intersection  point  (41),  if  the  intersection 

is  of  said  edge  (37)  with  said  intersection  tracks 
(38)  produces  only  one  intersection  point  (41). 

4.  A  method  as  in  claim  1  ,  wherein  step  d)  com- 
prises: 

20  splitting  an  intersection  point  (47)  produced  by 
the  intersection  of  said  edge  (46)  with  said 
surface  (sf2)  containing  a  face  of  said  second 
geometric  object  into  n  corrected  intersection 
points  (50,51),  if  the  intersection  of  said  edge 

25  (46)  with  said  intersection  tracks  (44,45)  pro- 
duces  n  intersection  points  (50,51). 

5.  A  method  as  in  any  of  the  preceding  claims, 
wherein: 

30  e)  the  intersection  points  (i1,  i2)  between 
said  face  (54)  of  said  first  object  and  said 
intersection  track  (53)  are  ordered, 
f)  a  face  approach  value  is  associated  with 
each  intersection  point  (M,i2)  describing  if 

35  said  face  (54)  is  entered  or  left  when  pro- 
ceeding  along  the  intersection  track  (53)  in 
the  order  defined  in  step  e), 
g)  the  position  of  an  intersection  point  (i2)  is 
corrected,  if  the  face  approach  value  asso- 

40  ciated  with  that  intersection  point  is  the 
same  as  the  face  approach  value  associated 
with  the  intersection  point  which  occurs  pri- 
or  to  that  point  in  the  order  defined  in  step 
e). 

45 
6.  A  method  as  in  claim  5,  wherein  intersection 

points  which  are  closer  to  each  other  than  the 
resolution  value  (epsilon)  are  combined  to  a 
cluster  which  is  treated  as  a  single  intersection 

50  point. 

7.  A  computer-aided  design  system,  comprising  : 
-  input  means  (7,8,9,10)  for  entering  com- 

mands  and  data  for  creating  and  modify- 
55  ing  geometric  objects  (11;  12,13),  in  par- 

ticular  for  entering  commands  relating  to 
Boolean  operations  on  the  geometric  ob- 
jects, 

8 
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-  processing  means  (1,2)  for  performing 
calculations  for  creating  and  modifying 
the  geometric  objects  (11;  12,13), 

-  memory  means  (5,6)  for  storing  a  repre- 
sentation  of  the  geometric  objects  and  5 
for  storing  instructions  relating  to  the  cre- 
ation  and  modification  of  the  objects, 

-  display  means  (3)  for  displaying  the  geo- 
metric  objects  (11;  12,13)  and  for  dis- 
playing  the  results  of  Boolean  operations  10 
on  the  geometric  objects, 

wherein  the  processing  means  (1,2)  and  the 
memory  means  (5,6)  are  operative  to  perform 
the  method  as  in  any  one  of  the  preceding 
claims.  is 
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